Abstract: A new rare cold-inducible (RCI) gene designated Cbrci35 was cloned from Capsella bursa-pastoris, an edible wild herb, using the rapid amplification of cDNA ends (RACE) method. The full-length cDNA ofCbrci35 (Database Accession No.: AY566573) was 1300 bp and contained a 978 bp ORF encoding a precursor of 326 amino acid residues with a 23 amino acids signal peptide. The predicted Cbrci35 protein contained a peroxidase active site and proximal heme-ligand signatures, an RGD cell attachment sequence motif and two leucine zipper pattern motifs. Bioinformatics analysis revealed that Cbrci35 has a high level of similarity with RCI genes from Arabidopsis thaliana and peroxidases genes from other plants. RT-PCR analysis revealed that Cbrci35 expressed only in root. A cold acclimation assay showed that Cbrci35 was expressed immediately after cold triggering, but this expression was transient, suggesting that it concerns cold acclimation. But expression was not induced exposed to dehydration, salt stress or abscisic acid, indicating that it might be subjected specifically to cold regulation. These results indicate that Cbrci35 is an analogue of RCI genes and may participate in cold-response or increasing the freezing tolerance of plants.
Introduction
Environmental stresses such as low or high temperatures that cause adverse effects on the plants not only restrain the growth and the productivity of agriculturally important crops but also limit their temporal and spatial distribution (Kasuga et al. 1999 ). Many plants from temperate regions are able to increase their freezing tolerance in response to low, non-freezing temperature (Levitt 1980) . The adaptive process, known as cold acclimation, involves a number of biochemical and physiological changes, including ultrastructural modifications in cellular organelle, compositional changes in apoplastic solutions and plasma membrane, accumulation of intracellular compatible osmolytes, and increased rigidity of cell walls (Medina et al. 2001 ). Many of these alterations are regulated by low temperatures through changes in gene expression. These genes contain cold-regulate gene up-stream transcriptional activators, up-stream transcriptional factor and cold-responsive (inducible) gene. However, the relative importance of these genes in cold acclimation is, in general, not well understood. In recent years, many genes whose expression is induced during cold acclimation have been isolated and characterized in several species (Thomashow 1999) . Some genes encode proteins correlative with known enzyme activities that potentially contribute to freezing tolerance. Thus, despite the number of cold-inducible genes that have been identified, the information regarding their regulation during plant growth and development is still very limited. Studies on the developmental regulation of genes whose expression is induced by low temperatures not only may help to reveal how environmental conditions interact with developmental processes, but may also provide clues to their function by uncovering where and when they are required.
The regulation of cold-inducible genes during plant development has been studied in a few cases, and results indicate that expression of these genes is regulated in different tissues and cells under both stressed and unstressed conditions (Medina et al. 2001 ). Such as rare cold-inducible (RCI) gene, its expression was induced by low temperate. RCI1A and RCI1B from 
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Arabidopsis ecotype Columbia, encode multifunctional regulatory 14-3-3 proteins. The expression of these two genes is induced by low temperature in a developmentindependent way, not induced by abscisic acid (ABA) or water stress (Jarillo et al. 1994; Abarca et al. 1999 ). RCI2A and RCI2B from Arabidopsis encode small (54 residues) and highly hydrophobic proteins with two potential transmembrane domains (Lyons 1973) . A role for RCI2A and RCI2B was suggested accordingly in maintaining membrane function and/or integrity in water stress situations triggered by low temperatures, freezing, or other environmental conditions that reduce water availability. It was proposed, alternatively, that they could interact with other membrane proteins to maintain the hydricequilibrium of the cells (Capel et al. 1997 ). The expression of RCI2 genes is transiently induced by cold and in response to drought, salt stress and ABA (Medina et al. 2001) . In addition, a new RCI gene, RCI3 from Arabidopsis, encodes an active cationic peroxidase. Expression analysis showed that RCI3 is subjected to an intricated regulation in response to environmental and developmental cues. Interestingly, overexpression of RCI3 increases Arabidopsis tolerance to drought and salt stresses while suppression of RCI3 expression reduces the tolerance of Arabidopsis to these adverse conditions (Llorente et al. 2002) . C. bursa-pastoris is an edible wild herb, which belongs to the Cruciferae like A. thaliana and Brassica napus. It is considered to be a potential vegetable crop and can grow and set seeds normally at low temperatures, suggesting that it possesses a cold-acclimation pathway. Thus, we believed that C. bursa-pastoris was likely to contain rare cold responsive genes, and if so, the cloning of these genes could be useful for the study of the mechanism of cold tolerance in C. bursa-pastoris. In a previous work, our laboratory described the isolation and molecular characterization of CRT binding factor genes (Cbcbf and Cbcbf25) (Wang et al. 2004a,b) , cold-regulated gene (Cbcor15b) (Liu et al. 2004) , ICE gene (Cbice53) , and LOS2 gene (Cblos2) ) from C. bursa-pastoris. These genes were expressed immediately after triggering, but this expression was transient, suggesting that those concern cold acclimation.
In this paper, we describe the cloning and molecular characterization of a new RCI3 gene, named Cbrci35, from C. bursa-pastoris by using rapid amplification of cDNA ends (RACE) technology. Bioinformatics analysis and a cold acclimation assay revealed that the C. bursa-pastoris RCI3 gene (Cbrci35) strongly resembles RCI3 from A. thaliana, and that this is relevant to cold acclimation.
Material and methods

Materials
Young plant of C. bursa-pastoris were collected from the Fudan University campus, Shanghai, China. The young plants were grown in pots in the greenhouse under standard conditions. Root, stem and leaf were collected and stored at −70
• C until use. Molecular cloning of Cbrci35 from C. bursa-pastoris was carried out using a SMART TM RACE cDNA Amplification Kit (Clontech, Palo Alto, USA). Primers used in the study (Table 1) , were designed using the software of primer-premier 5.0 (Premier Biosoft International; Palo Alto, USA), synthesized by the Shanghai Sangon Biotechnological Company (Shanghai, China), and DNA sequencing was performed by the Shanghai Genetech Biotechnological Company. The pMD 18-T vector was purchased from TaKaRa (Dalian, China). All other chemicals used were of analytical grade.
Isolation of total RNA Approximately 1.0 g of freshly harvested young leaves were allowed to stand at 4
• C for 8 h and then homogenized in liquid nitrogen. Total RNA was extracted fromC. bursa-pastoris leaves tissues by cetyltrimethylammoniumbromide-based RNA isolation method (Jaakola et al. 2001 ). RNA quality and concentration were checked by agarose gel electrophoresis (EC250-90, E-C Apparatus Corporation) and spectrophotometer (WFZUV-2100, Unico TM Instruments Inc.) analysis, and the RNA samples were stored at −70
• C until use.
3' and 5'-RACE of Cbrci35
The cDNA synthesis was performed with the SMART technology for 5'-and 3'-RACE (SMART TM RACE cDNA Amplification Kit) (Clontech). For 3'-RACE, 3'CBRCI GSP1 and 3'CBRCI GSP2 primers were designed and synthesized according to the conservative regions of the RCI gene sequences of Arabidopsis (GenBank Acc. No.: NM 100405). RNA was reversely transcribed with the 3'-RACE CDS Primer A (provided in the kit), and 3'-RACE was performed with nested universal primer A (NUP) (provided in the kit) and 3'CBRCI GSP1 primer. The first round PCR product diluted 50-fold for a second round of amplification with 3'CBRCI GSP2 and NUP (provided in the kit).
For 5'-RACE, the specific 5'CBRCI GSP1 and 5'CBRCI GSP2 primers were designed and synthesized based on the sequence of the 3'-RACE product. RNA was reversely transcribed with the 5'-RACE CDS Primer and SMART II A Oligonucleotide (provided in the kit). The first round of PCR was performed with 5'CBRCI GSP1 primer and universal primer A mix (UMP) (provided in the kit). The PCR product was diluted 50-fold for a second round of amplification with 5'CBRCI GSP2 primer and NUP (provided in the kit). The 5'-and 3'-RACE was performed essentially according to the SMART TM RACE cDNA Amplification Kit user manual. All the primers used in RACE are listed in Table 1 .
The full-length cDNA amplification of Cbrci35 By aligning the 3'-RACE and 5'-RACE product sequences on Vector NTI TM Suite 9.0 (Informax Inc., Bethesda, MD, USA), the full-length cDNA ofCbrci35 was deduced and amplified using gene-specific FCBRCI and RCBRCI (Table 1) . The full-length cDNA amplification was performed according to the One Step RNA PCR Kit (AMV) user manual (TaKaRa, Dalian, China). All the PCR products were purified using Gel Extraction Mini Kit (Watson, China), ligated to pMD18-T vectors (TaKaRa, Dalian, China), transformed into Escherichia coli strain DH5α and then sequenced with DYEnamic Direct dGTP Sequencing Kit (Amersham Pharmacia, England) and a 373A DNA sequencer.
Sequence analysis
The analysis and comparison of the deduced amino acid sequence with published sequences were performed with BLASTp (Standard Protein-Protein BLAST) (Altschul et al. 1990 ) on the NCBI server (http://www.ncbi.nlm.nih. gov/).
Cold acclimation assay RT-PCR was used to investigate theCbrci35 expression profiling in various tissues of C. bursa-pastoris and to determine whether the cloned Cbrci35 was cold-responsive. Total RNA was extracted from three kinds of tissues including root, stem, and leaf subjected to cold treatments included first growing the plant at 28 • C for 30 sec) using 3'CBRCI-GSP1 and 5'CBRCI GSP1, which amplified a fragment of 458 bp from 511 bp to 968 bp of Cbric35. At the same time, 18S rRNA was also used in RT-PCR paralleling with the Cbric35 using primers 18SF (5'-ATGATAACTCGACGGATCGC-3') and 18SR (5'-CTTGGATGT GGTAGCCGTTT-3'), which amplified a fragment of 126 bp from 18S rRNA, as the control under the same condition except for the amplification cycles were reduced to 20. The amplified products were analyzed with Gene analysis software package (Gene Company, USA).
Results and discussion
Isolation of the full-length cDNA of Cbrci35
Based on the conserved region of the RCI gene sequence of Arabidopsis in GenBank, two specific primers (3'CBRCI GSP1 and 3'CBRCI GSP2) were designed and synthesized for the amplification of 3'-end cDNA of Cbrci35. A fragment of about 0.7 kb was amplified in which a 3' untranslated region of 194 bp was found downstream from the terminal codon. Subsequently, two specific primers designed according to the obtained 3'-RACE fragment sequence (5'CBRCI GSP1 and 5'CBRCI GSP2) were used for the amplification of 5'-end cDNA of Cbrci35, resulting in a fragment of about 0.9 kb in which a 5' untranslated region of 92 bp was identified upstream of the first ATG codon. Finally the full-length cDNA sequence of Cbrci35 was deduced and amplified through RT-PCR using the gene specific FCBRCI and FCBRCI, followed by verification by sequencing. The full-length cDNA of Cbrci35 was 1267 bp and contained a 978 bp ORF encoding a precursor of 326 amino acids with a calculated molecular weight of 35.2 kDa and isoelectric point of 8.58 (Fig. 1) .
Characterization of Cbrci35 protein A 23-amino acid signal peptide was predicted in Cbrci35 based on the rules of predicting signal peptide (von Heijne et al. 1986 ), which was in agreement with those in most reported RCIs from other plant families (Fig. 1) . The Cbrci35 signal peptide contained 11 hydrophobic amino acid residues (47.83%), implying it was a secretary putative signal peptide. The presence of the signal peptide indicates that Cbrci35 may be processed into a mature protein of 303 amino acids with a calculated molecular mass of 32.7 kDa and a pI of 8.43, indicating that it is a cationic peroxidase. According to the result obtained from the PROSITE database (http://www.Expasy.org/prosite/) and InterProScan (http://www.ebi.ac.uk/interpro/scan.html), Cbrci35 shows high similarity to other RCI proteins by possessing six putative glycosylation sites (Asn-Xxx-Thr/Ser) (Gavel & von Heijne 1990) , two putative leucine zippers that could be involved in protein-protein interactions (O'Shea et al. 2005) , two peroxidase signatures -(i) active site (AAALIRMHFHDC) and (ii) a heme axial ligand (DLVLLSGAHTI), as well as an RGD cell attachment sequence. Cbrci53 contains eight conserved Cys residues implicated in the formation of four disulfide bridges (Kjaersgard et al. 1997) , as well as the distal and proximal catalytic sites characteristic of plant peroxidases (Welinder 1992) . Transmembrane helix prediction (http://www.cbs.dtu.dk/services/TMHMM-2.0/) showed that there was a transmembrane helix in the deduced Cbrci53 protein, which is consistent with the hydrophobicity analysis result, obtained using BioEdit software.
Homology analysis
The database search and analysis with BLASTp showed that the deduced amino acid sequence of Cbrci35 has higher homology (95% identity) with RCI protein from A. thaliana (NM 100405). BLASTp showed that Cbrci35 has the highest identity with peroxidases from other plant species. The percentages of identity were from 74%∼50%, such as 74% (232/312), 70% (222/317), 68% (217/319), 63% (205/324), 60% (183/304), 50% (161/321), 50% (159/318), and 48% (166/341) identities to peroxidase from A. thaliana (NP 188814), Glycine max (AAD11481), Eucommia ulmoides (AAU04879), Spinacia oleracea (CAA76374), Oryza sativa (CAH69331), Spirodela polyrrhiza (CAA80502), Nicotiana tabacum (BAA07664), and Zea mays (AAS75418), respectively (Fig. 2) . Homologous analysis also demonstrated that the Cbrci35 gene might have been conserved with peroxidase during evolution, again suggesting that they have the same functions, probably associated with survival in a harsh cold environment.
Cold acclimation assay
Semi-quantitative RT-PCR analysis was used to investigate the expression of Cbrci35 in C. bursapastoris in different tissues and under cold stress. The results showed that Cbrci35 expressed only in root (Fig. 3) ; it was thus very similar to RCI3 from Arabidopsis (Llorente et al. 2002) . The Cbrci35 transcripts increased within 4 h of exposing plants to low temperature (4 • C) and reached a maximal level after 8 h. The low-temperature regulation of Cbrci35 appeared to be temporary, since the transcript levels decreased after 24 h and no expression could be detected after the plant was returned to a normal temperature (28 • C) for 4 d (Fig. 4) . This result indicated that Cbrci35 is activated by cold triggering and indeed is involved in the cold acclimation process.
The expression of Cbrci35 is not regulated by dehydration, NaCl, salicylic acid and ABA Since many cold-inducible genes are also responsive to exogenous ABA and osmotic-related stresses (Yamaguchi-Shinozaki & Shinozaki 1994) , the effect of dehydration, high salt, salicylic acid and ABA on Cbrci35 mRNA levels was analyzed. No accumulation of Cbrci35 transcripts was detected in leaves of adult plants under any circumstances (data not shown). Fig. 2 . Amino acid sequence alignment of Cbrci35 with known RCI from A. thaliana and peroxidases from other plant species. The alignment was performed with the Vector NTI Suite 9.0 by using the published RCI3 from A. thaliana (NM 100405) and peroxidases from A. thaliana (NP 188814), Glycine max (AAD11481), Eucommia ulmoides (AAU04879), Spinacia oleracea (CAA76374), Oryza sativa (CAH69331), Spirodela polyrrhiza (CAA80502), Nicotiana tabacum (BAA07664), and Zea mays (AAS75418). Gaps are introduced for optimal alignment and maximum similarity between all compared sequences. The identical amino acids among all the aligned sequences are shown in black background and the identical amino acids with Cbrci35 are shown in gray background. Distal and proximal active sites are indicated with #. Eight conserved Cys residues are signified with *. Fig. 3 . Expression of Cbrci35 in different tissues. Total RNA was isolated separately from root, leaf and stem of C. bursapastoris followed by reverse transcription PCR analysis. The 25 and 20 PCR cycles were used, respectively, for the amplification of Cbrci35 and 18S rRNA (control). 
Conclusions
This work describes the identification and molecular characterization of a new low-temperature regulated gene from C. bursa-pastoris, Cbrci35, whose expression is restricted to specific root cell types. Cbrci35 encodes a functional cationic peroxidase which contains all the typical motifs of these enzymes, including proximal and distal active domains, cystein residues and glycosylation sites. Cbrci35 also contains an endoplasmic reticulum signal peptide, suggesting that it is secreted to the cell wall from where it can diffuse out of the cell. Cbrci35 shows high similarity to peroxidases from other plants. Compared with other cold-inducible genes, Cbrci35 is the most similar to the RCI3 from Arabidopsis. In response to low temperature, Cbrci35 transcripts accumulate. But, Cbrci35 is not induced in response to different treatments, such as dehydration, salt stress, salicylic acid and exogenous ABA. Based on the analysis above, we suggest a potential specific role for Cbrci35 in the cold acclimation and freezing tolerance of C. bursa-pastoris. The cloning of Cbrci35 enables us to test whether Cbrci35 can increase the freezing tolerance of transgenic plants by transferring it into non-cold-tolerant plants such as tobacco in the future.
